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he Belly spot and tail (Bst) semidominant mutation, mapped to mouse Chromosome 16, leads to developmental defects
f the eye, skeleton, and coat pigmentation. In the eye, the mutant phenotype is characterized by the presence of retinal
olobomas, a paucity of retinal ganglion cells, and axon misrouting. The severity of defects in the Bst/1 retina is variable
mong individuals and is often asymmetric. In order to determine the role of the Bst locus during retinal morphogenesis,
we searched for the earliest observable defects in the developing eye. We examined the retinas of Bst/1 and 1/1 littermates
from embryonic day 9.5 (E9.5) through E13.5 and measured retinal size, cell density, cell death, mitotic index, and cell birth
index. We have found that development of the Bst/1 retina is notably dilatory by as early as E10.5. The affected retinas are
smaller than their wildtype counterparts, and optic fissure fusion is delayed. In the mutant, there is a marked lag in the exit
of retinal cells from the mitotic cycle, even though there are no observable differences in the rate of cellular proliferation
or cell death between the two groups. We hypothesize that Bst regulates retinal cell differentiation and that variability of
structural defects in the mutant, such as those affecting optic fissure fusion, is a reflection of the extent of developmental
delay brought about by the Bst mutation. © 1999 Academic Press
Key Words: retina; timing; developmental delay; embryo; optic fissure; cell differentiation; cell proliferation; cell death;
BrdU; TUNEL; cell birth; morphogenesis.e
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nINTRODUCTION
The retina, as a remote and relatively accessible exten-
sion of the central nervous system, provides an opportunity
to study how a complex neuronal structure arises from
simple embryonic anlage, in terms of both the anatomical
ransformations which define the morphogenetic process
nd the genetic determinants which trigger and regulate
hese events. As more genes are becoming known to play
ritical roles during eye development, it is increasingly
vident that regulation of ocular morphogenesis is a func-
ion of the interactions between a network of evolutionarily
onserved genes, such as Pax6, Pax2, Chx10, Mitf, and Hes1
for reviews, see Graw, 1996; Freund et al., 1996; McDonald
nd Wilson, 1996; Oliver and Gruss, 1997). However, there
re numerous gaps in our understanding of how these genes
ltimately translate into morphologic entities. For in-
tance, Pax2 inactivation has been shown in both human
nd mouse to correlate with severe retinal defects, possibly
hrough interference with proper optic stalk fusion (Keller
t al., 1994; Favor et al., 1996; Torres et al., 1996; Otteson0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.t al., 1998), yet we do not know the Pax2 target molecule(s)
n the retina nor the mechanism by which Pax2 may affect
ptic stalk fusion. Only through the identification of addi-
ional genes that affect eye development, and by examining
heir roles in relation to genes with known functions, will
e be able to piece together the network of inductive and
egulatory gene expression cascades through which ocular
evelopment is initiated and guided.
The murine autosomal semidominant mutation Belly
pot and tail (Bst) is likely to involve a gene that plays a role
ithin such a regulatory cascade. The Bst mutant pheno-
ype is characterized by abnormal development of multiple
rgans, including the neural retina, skeleton, and coat
igmentation (Epstein et al., 1986). Bst has been mapped to
hromosome 16, within a region that is conserved on
uman Chromosome 3 (Epstein et al., 1986; Rice et al.,
995). In an earlier report, we described retinal defects in
he adult Bst/1 mouse and their similarities with those
bserved in other mutant mice, namely the presence of
etinal colobomas, loss of retinal ganglion cells, and optic
erve hypoplasia (Rice et al., 1997).239
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240 Tang, Rice, and GoldowitzGiven the structural anomalies observed at the optic
fissure in Bst/1 mice, we have proposed a link between
bnormal optic fissure closure and the consequent disrup-
ion of retinal development in the Bst/1 retina. Past studies
ave shown that timely formation and fusion of the optic
ssure are essential components of normal development of
he retina and optic nerve; significant disruption of these
vents often results in severe structural defects (Mann,
964; Theiler et al., 1976; Silver and Robb, 1979; Jackson,
981; Hero, 1989, 1990; Hero et al., 1991; Otteson et al.,
998). However, the cellular and molecular mechanisms
ontrolling optic fissure closure are not yet understood. The
haracterization of the Bst mutation may provide impor-
ant insight into the inductive and regulatory processes that
re essential to the formation and fusion of the optic fissure.
oreover, the diversity of organs consistently affected by
he Bst mutation suggests that the normal Bst gene product
s a likely component of many molecular interactions
nderlying divergent developmental pathways.
In this study, we have examined embryos from postcoital
ay 9.5 (E9.5) through E13.5. We describe the earliest
bservable differences between heterozygous mutant
Bst/1) and wildtype (1/1) littermates in terms of retinal
ize and morphology. In order to test whether these differ-
nces are due to abnormal cellular proliferation or cell
eath, we have quantified and compared mitotic indices
nd the level of pyknosis between mutant and wildtype
ittermates in the neural retina. Our results show that
etinal growth is delayed in Bst/1 embryos by as early as
E10.5, while cellular proliferation and cell death occur at
essentially normal rates. Also, optic fissure fusion does not
occur in the Bst/1 retina until well after the fissure margins
have made contact. Importantly, we have examined the
time frame within which retinal cells are born and docu-
mented a marked delay in the time Bst/1 retinal neuro-
blasts leave the mitotic cycle in comparison to that wit-
nessed in the 1/1 retina. Finally, the severity of retinal
defects is variable among Bst/1 embryos; the variability is
consistent with the range of defects previously observed in
older embryos and postnatal mice (Rice et al., 1997). These
results indicate that the Bst mutation affects retinal mor-
phogenesis during early development, perhaps through de-
layed neuronal differentiation, which leads to other anoma-
lies in the retina such as impeded fissure fusion.
MATERIALS AND METHODS
Animals
Heterozygous Belly spot and tail (Bst/1) mice on the C57BLKS/J
background were obtained from The Jackson Laboratory (Bar Har-
bor, ME) and maintained in our colony. Animals were fed with a
standard diet and maintained on a 14-h:10-h light and dark cycle.
Adult Bst/1 mice exhibit a kinked tail, a white belly spot, and
hite feet. A subset of these animals also has polydactyly. Previ-
usly, we reported our detection of retinal abnormalities in Bst/1
mice through penlight examination of their pupillary reflex (Rice et
al., 1997). This screening method provided a simple means toCopyright © 1999 by Academic Press. All rightidentify Bst/1 mice with defective retinal phenotypes. The affected
individuals were mated with wildtype (1/1) mice to produce
timed-pregnant embryos for our study. In general, male Bst/1 mice
paired with 1/1 partners proved to be most productive. Females
were checked daily for vaginal plugs. Midnight of the day on which
a plug was detected was considered embryonic day zero (E0) for the
resulting litter.
Embryo Collection
At E9.5, E10.5, E11.5, E12.5, E13.0, and E13.5, pregnant dams
were sacrificed by cervical dislocation. Embryos were dissected and
immersion fixed in either acetic acid/ethanol (1/3) or 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline (pH 7.3) depending
on the requirement of the experimental regimes to follow. The age
of the embryos was visually verified by comparing their size and
anatomical features to standard references (Rugh, 1968; Theiler,
1972; Kaufman, 1992). In E11.5 and older litters, genetically Bst/1
mbryos could be identified based on their noticeably shorter tails.
n younger litters, the genotype of embryos was inferred from
easurement of their crown to rump length and their morphologic
eatures. Given that Bst/1 embryos were always smaller than their
/1 littermates in older litters, those who were visibly undersized
n the younger litters were identified as Bst/1. This presumption
as borne out by the consistency of the numeric proportion of
st/1 among the litters examined. Control litters from C57BLKS/J
1/1 3 1/1 matings were used to provide references for the 1/1
henotype at all ages. We noted the number of embryos and
esorptions in each litter in order to keep track of changes in litter
ize and composition between groups during gestation. The ages
nd numbers of subjects collected were as follows: E9.5 (5 experi-
ental litters with 41 embryos, 2 control litters with 18 embryos),
10.5 (7 experimental litters with 60 embryos, 4 control litters
ith 35 embryos), E11.5 (4 experimental litters with 34 embryos, 1
ontrol litter with 7 embryos), E12.5 (3 experimental litters with 26
mbryos, 1 control litter with 7 embryos), and E13.5 (2 experimen-
al litters with 18 embryos, 2 control litters with 16 embryos).
Histological Methods
Embryos intended for histological examination were embedded
in paraffin, sectioned at 6 mm in the sagittal plane, and mounted on
lides (Superfrost 1; Fisher). This plane of section allowed sequen-
ial analysis of the optic fissure over its entire length. Typically, a
/1 embryo was embedded next to a Bst/1 littermate to allow
arallel processing and facilitate comparison. A preliminary scan of
he embryos was performed by examining cresyl violet (CV)-
tained sections spaced between 90 and 120 mm apart. This allowed
the determination of the range of sections containing the eyes and
their orientation. In order to compare positionally equivalent
retinal sections between groups, each eye was conceptually divided
into three regions in the axis perpendicular to the plane of section:
(1) The lateral third of the eye, extending from the iris through the
center of the lens, contained the distal retina. (2) The middle retina
was defined within the equatorial third of the eye and distinguished
by having a large vitreous space and cells oriented parallel to the
plane of section. (3) The medial third of the eye, representing the
floor of the optic cup, contained the proximal retina, where cellular
orientation became increasingly perpendicular to the plane of
section as sections were taken closer to the optic stalk. Once the
positions of these retinal regions had been established, closer
examinations were performed using sections spaced no more thans of reproduction in any form reserved.
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241Bst Retinal Development30 mm apart within the regions. Comparative analyses were prin-
cipally carried out on the middle retina for the following reasons:
(1) The middle retina is substantially perpendicular to the plane of
section and is thus relatively insensitive to variations introduced
by subtle angular differences between the plane of section and the
retinal curvature. (2) Given the above, differences in the cross-
sectional area of the middle retinas can be used as a means to
estimate the overall dimensional differences between retinas.
BrdU Labeling of Mitotic Cells
The thymidine analog bromodeoxyuridine (BrdU; Sigma, St.
Louis, MO) was used to both measure the mitotic index (short
survival protocol) and identify cells that had exited the cell cycle at
specific time points during development (cell birthdating; long
survival protocol).
In the short survival protocol, timed pregnant dams were intra-
peritoneally injected with BrdU at 50 mg BrdU/g body wt 1 h prior
to sacrifice. The embryos were dissected in cold 0.9% NaCl,
phenotypically assessed and measured, and then immersion fixed
in 3/1 acetic acid/ethanol, embedded, and sectioned as described
above. Subsequently, a subset of the sections containing the retina
was stained for the detection of BrdU incorporation using a
previously described protocol (Hamre and Goldowitz, 1995).
The long survival protocol was identical to the short protocol in
its preparation, with the exception that litters were allowed to be
carried full term after BrdU injection. At birth (P0), newborns were
collected, genotyped according to tail morphology, anesthetized on
ice, and transcardially perfused with 3/1 acetic acid/ethanol. The
eyes were dissected and hemisectioned in the medial–lateral axis
(from the optic nerve head to the iris). The hemiretinas were
embedded in paraffin on the cut surface and sectioned at 6 mm.
Each of these sections contained a continuous center-to-periphery
representation of the retina. Sections were mounted on slides and
immunoreacted for BrdU using the same protocol referenced above.
The number of animals examined at each time point is as follows:
E9.5 (2 1/1, 4 Bst/1), E10.5 (4 1/1, 5 Bst/1), E11.5 (4 1/1, 3
Bst/1), and E12.5 (2 1/1, 2 Bst/1).
TUNEL Analysis of Dying Cells
Timed-pregnant females from Bst/1 3 1/1 mating were sacri-
ced at E11.5, E12.5, and E13.5 for the analysis of cell death in
utant and normal retinas. The embryos were immersion-fixed in
% paraformaldehyde, embedded in paraffin, and sagittally sec-
ioned at 6 mm. The positions and sizes of the eyes were determined
using sample sections taken at 180-mm intervals and stained with
CV. Subsequently, sections containing distal, middle, and proximal
portions of the retina were mounted on slides and underwent
TUNEL reaction following the manufacturer’s recommendations
(Oncor, Gaithersburg, MD). The following embryos were exam-
ined: E11.5 (5 1/1, 2 Bst/1), E12.5 (1 1/1, 1 Bst/1), E13 (2 1/1, 2
Bst/1), and E13.5 (2 1/1, 2 Bst/1).
Analysis of Retinal Morphology, Cell Density, and
Proliferative Index
Detailed retinal examination was performed only on those
embryos for which genotype was not in doubt. This was straight-
forward for E11.5 litters and beyond, as older Bst/1 embryos
exhibited characteristically shorter tails. In all cases, these em-Copyright © 1999 by Academic Press. All rightbryos were also smaller than all 1/1 littermates. Thus, in younger
embryos we based our genotypic determination on the size of the
embryo. At E9.5 and E10.5, we limited our analysis to embryos that
clearly belonged to either the larger, presumptive 1/1 group or the
obviously smaller, presumptive Bst/1 group (see Results).
Each eye was analyzed using representative sections from the
three retinal regions as defined above. Retinal sections were traced
using a camera lucida attached to a Zeiss microscope. The follow-
ing analyses were performed on the camera lucida drawings: (1)
Retinal morphology: The extent of optic fissure formation and
fusion and the presence of retinal folds or other anomalies in the
eye were noted. (2) Retinal size: A digital tablet was used to
measure the retinal area. (3) Ocular size: The number of sections
between the iris and the optic stalk was used to estimate the length
of the eye. When combined with the retinal area data, these results
provided a means to gauge the three-dimensional differences be-
tween Bst/1 and 1/1 retinas. (4) Retinal cell density: Cell counts
were taken in 900-mm2 sampling bins evenly spaced between 60
nd 100 mm apart within a retinal section, at positions correspond-
ng to ventral, dorsal, nasal, and/or temporal aspects of the retina.
he sampled cell densities were compared between groups. (5) Cell
roliferation index: The percentage of retinoblasts labeled 1 h
ollowing the BrdU pulse constituted the proliferation index (PI).
he same sampling procedure described for cell counting was used
o tabulate the number of BrdU-labeled cells. PI was obtained by
ividing the average density of BrdU-labeled cells by the average
ell density of adjacent CV-stained sections. Regional PI were also
ompared between groups (e.g., proximal and distal, nasal and
emporal). (6) Cell birth index: The percentage of retinoblasts
xiting the mitotic cycle at a given embryonic age constituted the
ell birth index (BI) at that age. The number of cells exiting the
itotic cycle was estimated by counting strongly labeled nuclei in
erial sections through the retina of P0 animals BrdU-dosed at the
iven embryonic age. BI was obtained by dividing the estimated
umber of cells exiting the mitotic cycle by the total number of
ells (retinoblasts) in the retina at the corresponding embryonic
ge. The latter was derived from the cell density and retinal size
easurements described above. The calculation of the total num-
er of strongly labeled cells at P0 and the total number of cells in
he embryonic retina was carried out by the method of Abercrom-
ie, using a correction for counting split nuclei (Davies, 1978). The
ounting particle was determined to be 5–6 mm in these calcula-
ions. (7) Asymmetry: Based on retinal size and the state of fissure
usion, we recorded the number of embryos that had measurable
ilateral asymmetries. In E10.5 embryos, asymmetry was noted
hen one eye exceeded the other by 25% or more in ocular length.
n E11.5 through E13.5 embryos, retinal asymmetry was character-
zed by differences in the extent of optic fissure fusion (partial vs
omplete).
Image Capture and Processing
Digital photomicrographs were obtained using a Nikon
Microphot-X microscope coupled to a Kodak DCS 460 digital
camera. A Power Macintosh with Photoshop 3.0.5 (Adobe) was
used for image capture and figure composition. Additional figures
were obtained using a SPOT digital camera (Diagnostic Instru-
ments, Inc.) attached to a Zeiss microscope. The images were
captured on a Pentium PC running Photoshop 4.0.s of reproduction in any form reserved.
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242 Tang, Rice, and GoldowitzRESULTS
Gross Observation of Embryonic Development
E9.5. At this stage during development, the diminutive
tail of the Bst/1 is not yet observable. However, about a
third of the embryos in each Bst/1 3 1/1 litter are visibly
smaller than the rest (14 of 41 embryos from 5 litters,
ranging from 1/2 to 4/5 in size compared to littermates),
while only 1 embryo from the controls (18 embryos from 2
litters) is comparably undersized. Since Bst/1 embryos are
noticeably smaller than 1/1 in older litters and make up
about a third of all embryos (see below), the majority of the
smaller embryos seen at E9.5 are presumably Bst/1. We
have observed a single resorption in the Bst/1 3 1/1 litters
and none in the control litters.
E10.5. At this age, embryos from Bst/1 3 1/1 litters
can be visually segregated into three groups: (1) normal ($4
mm crown to rump length), (2) small (,4 mm), and (3)
diminutive (#3.5 mm; Table 1). Groups 2 and 3 make up
about 40% of the total number of embryos and have little
overlap between them. This proportion approximates that
of the Bst/1 embryos observed in older litters. In contrast,
only 1 in 16 embryos has been found to be noticeably
smaller than normal in the 1/1 3 1/1 control litters. Save
for the small size, the presumed Bst/1 embryos in group 2
exhibit no atypical features compared to their larger (pre-
sumably 1/1) littermates. However, the diminutive em-
bryos in the third group exhibit features more appropriate
for embryos that are up to 2 days younger than their
littermates. Very likely, these severely underdeveloped em-
bryos are in the process of being resorbed; TUNEL results
TABLE 1
Litter Composition
Age Mating scheme Total litters
Average litte
size
E10.5 Bst/1 3 1/1 4 9.00
E10.5 1/1 3 1/1 3 9.67
11.5 Bst/1 3 1/1 4 8.50
11.5 1/1 3 1/1 1 7.00
12.5 Bst/1 3 1/1 3 8.67
12.5 1/1 3 1/1 1 7.00
13.5 Bst/1 3 1/1 2 9.00
13.5 1/1 3 1/1 2 8.00
0–adult Bst/1 3 1/1 36 6.56
a Numbers listed are animals analyzed, which are fewer than th
b At embryonic day 10.5 (E10.5), embryos are categorized by size
ength. After E11.5, embryos are phenotyped as Bst/1 if they have
c At E10.5, diminutive embryos are those that are less than 3.5 m
and neonates that are exencephalic. Together, these are considere
percentage of exencephaly in E13.5 litters is probably a reflection
d Asymmetry is defined as greater than 25% difference in bilatera
in the Bst/1 adult. At older embryonic ages, asymmetry is difficult
state of fissure fusion suggests that retinas continue to develop asCopyright © 1999 by Academic Press. All rightconfirm that most cells in these embryos are undergoing
apoptosis (data not shown). No such dramatic differences
between littermates are seen in older litters. There are
sporadic resorptions at this age in both 1/1 3 1/1 and
Bst/1 3 1/1 litters (averaging about one resorption per
litter). The litter size ranges from 6 to 11 among 1/1 3 1/1
controls (mean 8.75; 4 litters) and from 8 to 10 among Bst/1
3 1/1 litters (mean 9; 5 litters).
E11.5. This is the earliest age at which Bst/1 embryos
can be positively identified by their shortened-tail pheno-
type. Bst/1 embryos consistently make up between 1/4 to
1/3 of the litters from this point onward. The mean length
of the Bst embryos (5.9 mm) is visibly less than that of the
1/1 littermates (6.3 mm). Sporadic resorptions occur at
about the same frequency as at E10.5. There is clear
evidence of exencephaly in a subset of Bst/1 embryos.
Within our sample, the proportion of exencephalic Bst/1
embryos is comparable to the proportion of exencephalic
neonates (fewer than 1 affected per 2 litters on average, but
as many as 2 per litter).
E12.5. Litter size and resorption ratio from both Bst/1
3 1/1 and 1/1 3 1/1 matings remain comparable to
those at E11.5 (averaging 8 embryos and just over one
resorption per litter in both groups). The average body
length of Bst/1 embryos continues to trail that of the 1/1
littermates (8.1 mm, n 5 7, and 8.9 mm, n 5 9, respec-
tively). The tail of Bst/1 embryos begins to show noticeable
kinks. The exencephalic embryos in our sample have more
pronounced expansion of the brain than those at E11.5 but
would likely have survived until birth, as their other organs
appear to develop normally.
Total na Small/Bstb
Exencephalic/
diminutivec Asymmetryd
36 37.14% (13) 14.29% (5) 23.08%
16 6.25% (1) 0
26 30.77% (8) 7.69% (2)
7 0 0
26 23.08% (6) 11.54% (3)
7 0 0
18 38.89% (7) 27.78% (5)
16 0 0
236 36.44% (89) 8.05% (19) 30.86%
al number of animals collected.
ll embryos are defined as those less than 4 mm in crown to rump
t/twisted tails. Numbers in parentheses are actual counts.
length. Also included in this category are E11.5 or older embryos
be more severe forms of the Bst/1 mutant phenotype. The high
e small sample size.
sizes in the E10.5 (Bst/1) embryo and differential pupillary reflex
easure using our sampling method. However, the variability in the
etrically in a subset of Bst/1 embryos.r
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243Bst Retinal DevelopmentE13.5. Average litter size remains at 8 for both Bst/1 3
1/1 and 1/1 3 1/1 litters. There are between one and two
resorptions per litter. The size of Bst/1 embryos trails that
FIG. 1. Retinal growth and cellular proliferation in Bst/1 from E
mbryonic Bst/1 (open bars) and 1/1 (shaded bars) retinas. Numerals a
f ocular growth, as measured from iris to optic stalk. Bst/1 ey
hroughout the period between E10.5 and E13.5. (B) Histogram of r
nd Methods). Mimicking the differential seen in ocular size betw
relatively stable amount. (C) Histogram of retinal cell density f
roups. (D) Histogram of proliferative index (PI) for the whole retina
ate of decrease in PI mirrors that of the increase in cell density. T
E and F) Histograms of PI in dorsal and ventral retinas, respectively
etina at E10.5 and E11.5, but the disparity decreases with age andCopyright © 1999 by Academic Press. All rightof the 1/1 littermates by the same margin as before (9.8
mm, n 5 3, and 10.6 mm, n 5 4, respectively). The
development of digits can be observed at this time, and a
to E13.5. Histograms comparing size and proliferative indices of
error bars indicate the number of animals in each case. (A) Histogram
e smaller than those of the 1/1. The size deficit is maintained
l growth, represented by area of midretinal sections (see Materials
10.5 and E13.5, the Bst/1 retina trails that of the 1/1 in area by
E10.5 through E13.5. There is no substantial difference between
asured as percentage of cells labeled by BrdU 1 h postinjection. The
fferences between groups are negligible during this growth period.
oth groups, PI in the dorsal retina is lower than that of the ventral
ppears by E13.5. The difference between groups is unremarkable.10.5
bove
es ar
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een E
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244 Tang, Rice, and Goldowitzfraction of Bst/1 embryos begin to manifest polydactyly,
rincipally on the right rear paw. This is consistent with
ur observation among polydactylous Bst/1 adults (unpub-
ished data), whose right rear paw nearly always exhibits a
upernumerary and/or hypertrophied medial digit. Their
eft front paw is somewhat less vulnerable (60% of affected
ases) and exhibits only hypertrophy of the medial digit.
heir left rear and right front limb extremities are almost
ever affected, each of which exhibits anomaly in less than
% of the total cases.
Retinal Development
Bst/1 retinas are slightly undersized and fuse late dur-
ing development. In our observation, adult Bst/1 mice
ave relatively normal-appearing eyes that are only margin-
lly smaller than those of the 1/1, and none were out of
roportion with the somewhat smaller girth of the Bst/1
ice in general. Our embryonic data are supportive of this
bservation. Of the Bst/1 animals we have examined thus
ar among both adults and embryos (n . 200), only a single
till-born individual was found to be microphthalmic (both
f its retinas were thick and heavily folded in the absence of
itreous cavities).
At E9.5, the optic vesicle invaginates to become the optic
up. Lens formation is well under way. We have observed
o grossly abnormal features in all optic vesicles examined
t this age (data not shown). By E10.5, the depth of pre-
umed 1/1 optic cups (measured as ocular length) exceeds
hat of presumed Bst/1 by an average of 60 mm. The same
60-mm ocular length differential persists between groups
hrough E13.5 (Fig. 1A). However, since ocular length
ncreases by nearly fourfold between E10.5 and E13.5 (from
50 to 550 mm), and given the relatively spherical shape of
he eye during that period, the actual difference in ocular
ize between Bst/1 and 1/1 is proportionally greater at
E10.5 than at E13.5 (approximately 2:5 and 4:5, respec-
tively); that is, a large difference in retinal size exists
between Bst/1 and 1/1 at E10.5, but their retinas grow at
a similar rate thereafter, leading to a reduction in their
proportional difference in older embryos.
FIG. 2. Optic fissure fusion anomalies. Representative retinal sec
, F). The sections are obtained from equivalent positions in the re
ssure region in A through F. White arrows mark mitotic figures. D
A and A9) Retina of a typical 1/1 embryo at E12.5, showing fusio
st/1 embryo showing contact between the fissure margins but n
12.5 Bst/1 embryo exhibiting retinal distortions. Both Bst/1 eyes
etina, the appearance of the dorsal acellular region, and the number
nd similarities are seen in E13.5 retinas. (D and D9) Typical E
ymptomatic E13.5 Bst/1 retina, in which the optic fissure appears
rowth of the retina has continued beyond the normal stopping po
ssure margins have yet to make contact. The overall rate of growt
rogressed ventrally, and the expanded euchromatic cell layer is vis
igmented retina appears to fuse normally in the Bst/1 and does n
ars represent 100 mm.Copyright © 1999 by Academic Press. All rightThe cross-sectional area of the retinas shows the same
gradual decrease in proportional difference between groups
with age progression (Fig. 1B). At E10.5, the ratio between
the areas of equivalent Bst/1 and 1/1 retinal cross sections
is about 1:2. By E13.5, it has become 7:10.
The most noticeable difference between Bst/1 and 1/1
embryos is that in the mutant, optic fissure closure takes
place later than in the wild type and requires more time to
complete. At E11.5, wildtype retinas have largely reached
the point at which fissure margins have come into contact
and begun to fuse. The fusion process starts in the proximal
retina, close to the optic stalk, and progresses distally. In
contrast, most E11.5 Bst/1 retinas are wide open along
their ventral aspect; very few of them exhibit any contact
between the fissure margins. By E12.5, all 1/1 retinas have
at least partially fused optic fissures (Fig. 2A), while only a
quarter of Bst/1 retinas show signs of any fusion (Fig. 2B);
many continue to manifest open gaps between fissure
margins (Fig. 2C). In some cases in which fissure margins
have made contact, obvious distortions in the neural retina
are present. By E13.5, optic fissure fusion is complete in the
1/1 (Fig. 2D), whereas less than half of the Bst/1 retinas
are fused (Fig. 2E), with some showing persistent gaps
between fissure margins (Fig. 2F). The symptomatic buck-
ling of the neural retina near the optic fissure first seen in
some E12.5 Bst/1 embryos has also become more pro-
nounced at this age. In remarkable contrast, fusion appears
to occur without delay in the pigmented retina after the
opposing margins have made contact (Fig. 2E).
Bst/1 retinas have normal cell density. Between E10.5
and E13.5, the density of retinoblasts is comparable be-
tween the retinas of mutant and those of control animals
(Fig. 1C). Given the smaller size of Bst/1 eyes, however, the
total number of retinoblasts in the Bst/1 retina is consid-
erably less than that of the equivalent 1/1 retina. This is
especially true in the younger embryos, in which dimen-
sional differences between the Bst/1 and the 1/1 retinas
are proportionally greater than those at later embryonic
ages. Given the similarity in cell density, the differences in
total retinal cell numbers between groups are effectively
of 1/1 and Bst/1 embryos taken at E12.5 (A, B, C) and E13.5 (D,
ive eyes. A9 through F9 are higher magnification views of the optic
rrows indicate the acellular layer in the vitreal aspect of the retina.
he optic fissure. (B and B9) Mildly symptomatic retina of an E12.5
parent fusion. (C and C9) Severely symptomatic retina of another
arginally smaller than that of the 1/1. The thickness of the neural
itotic figures are comparable between groups. The same differences
1/1 retina showing fully fused optic fissure. (E and E9) Mildly
ve fused, yet there is considerable distortion, suggesting that some
and F9) Severely symptomatic E13.5 Bst/1 retina, in which optic
ears comparable in the three E13.5 retinas. The acellular zone has
mmediately beneath it. Note the similarities between groups. The
llow the abnormal growth in the neural retina (arrowheads). Scaletions
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246 Tang, Rice, and Goldowitzreflected by the changes in retinal dimension, such that at
E10.5, there are more than three times as many cells in the
1/1 retina as there are in the Bst/1 littermate, whereas by
E12.5, there are fewer than twice as many cells in the same
1/1 retina (Fig. 5G). This indicates that overall retinal
growth is not impeded in the Bst/1 during later develop-
ment despite earlier deficits. There are other indications
that this may be the case. For instance, from E11.5 onward,
in both Bst/1 and 1/1 retinas, there is the emergence of a
sparsely cellularized layer on the vitreal surface of the
dorsal retina through which ganglion cell axons will even-
tually course. This cell-free zone progresses ventrally and
covers the entire retina by E13.5. At this age, in both Bst/1
and 1/1, the layer of euchromatic postmigratory and dif-
ferentiating retinal ganglion cells and INL cells are clearly
visible close to the vitreal surface (Figs. 2D, 2E, and 2F).
Cellular proliferation rate is normal in the Bst/1. In
both Bst/1 and 1/1 retinas, the PI is highest at E10.5
(nearly 70%) and gradually drops to about 30% at E13.5 (Fig.
1D). This is consistent with findings reported by others for
mice and rats of similar developmental age (Konyukhov and
Sazhina, 1975; Silver, 1976; Burmeister et al., 1996; Alex-
iades and Cepko, 1996). Overall, there is no detectable
difference between the average PI of Bst/1 and that of 1/1
at any of the ages examined (Fig. 3). We have also looked for
PI differences between dorsal and ventral retinas (Figs. 1E
and 1F). In both Bst/1 and 1/1 retinas, a small strip of the
dorsal retina opposite the optic fissure has a noticeably
lower PI than the rest of the retina at E10.5 and E11.5. This
regional difference is much less noticeable at E12.5 and
disappears by E13.5. There may be a correlation between
the lower PI in the dorsal retina and the spatial sequence of
cellular differentiation, given our observation that at E11.5
and E12.5, the dorsal retina has more euchromatic (presum-
ably postmitotic) cells than the rest of the retina. We have
found no difference between the PI of proximal and distal
regions of the retina (results not shown).
Cell death is normal in Bst/1. Cell death in the neural
retina is most apparent between E11.5 and E12.5. During
that period, pyknotic figures are observed in both Bst/1 and
1/1 retinas, mostly in the ventral region adjacent to the
FIG. 3. Retinal growth and cellular proliferation profiles. Represe
), and E13.5 (G, H) retinas from 1/1 (left column) and Bst/1 (right
the Bst/1 retina is thinner and smaller, but no less proliferative t
dark, BrdU-labeled cell nuclei seen in the retinoblastic layer and the
index, or PI; Fig. 1D) is comparable between groups. (C and D) At E
has not. Proliferative index remains comparable between the two g
Bst/1 retinas. The small differences in label density seen here are
Note that the lens cavity, which has nearly disappeared in the 1/
indicating that lens development is delayed to a certain degree in
smaller than its 1/1 counterpart. There is no difference in prolife
optic fissure (arrow). Scale bar represents 100 mm.Copyright © 1999 by Academic Press. All rightptic fissure (Figs. 4A and 4B), in a pattern appropriate for
he developmental age (Silver and Hughes, 1973; Martı´n-
artido et al., 1988). More than half a dozen pyknotic
gures could be seen in each E12.5 section. This is similar
o the number of TUNEL-labeled cells in equivalent sec-
ions (Figs. 4C and 4D). The only other region where cell
eath is occasionally seen is in the proximal dorsal retina,
oinciding with the area that has lower than average PI in
ounger retinas (see above; Figs. 4A and 4B). By E13.5,
yknotic figures or TUNEL-labeled cells are seldom ob-
erved in the retina (fewer than two per section; Figs. 4E and
F). There are no obvious differences between Bst/1 and
/1 in the number of dying cells and their positions within
he retina.
The exit of cells from the cell cycle is delayed in the
st/1 retina. The pattern and density of BrdU-labeled
ells in P0 animals dosed on different embryonic days offer
glimpse of the sequential order within which cells become
ostmitotic. BrdU-positive cells are seen in the retinal
anglion cell layer and the superficial and deep retinoblastic
ayer of 1/1 mice dosed on E10.5 (Fig. 5A), indicating that
etinal ganglion cells, cones, and amacrine/horizontal cells
ave begun to exit the mitotic cycle at this age. We
stimate that 1500 cells in the P0 1/1 retina are heavily
labeled with BrdU following an injection at E10.5. In
contrast, there are few BrdU-labeled cells in the Bst/1 P0
retina dosed on the same day, and the number of intensely
labeled cells (i.e., those cells born at the time of BrdU
injection) is negligible, indicating that there are far fewer
cells exiting the mitotic cycle in the Bst/1 retina than in
the 1/1 retina at E10.5 (Fig. 5B). It is only in E11.5-dosed
Bst/1 retinas that we begin to observe labeled cells in a
pattern and density that approximate those seen in E10.5-
dosed 1/1 retinas (Figs. 5C and 5D). The difference remains
evident in E12.5-dosed retinas (Figs. 5E and 5F), where fewer
heavily labeled cells are observed outside the retinal gan-
glion cell layer in the Bst/1 retina compared to that of the
1/1. Numerically, there are about twice as many intensely
BrdU-labeled cells in the E12.5-dosed P0 1/1 retina than in
the Bst/1 counterpart (approximately 4000 vs 2000 cells).
However, when taking into account the total number of
ve photomicrographs showing E10.5 (A, B), E11.5 (C, D), E12.5 (E,
n) embryos immunostained for BrdU labeling. (A and B) At E10.5,
ts 1/1 counterpart. That is, the numeric proportion between the
bodies seen in the adjacent CV-stained retinal section (proliferative
, the 1/1 retina has already begun to fuse, while that of the Bst/1
s. (E and F) At E12.5, PI is again similar between the 1/1 and the
ally regional and are not sustained through consecutive sections.
this age, remains substantially visible in the Bst/1 (arrowhead),
st/1. (G and H) In E13.5 retinas, the Bst/1 retina continues to be
index between groups. Note distortion of the retina at the Bst/1ntati
colum
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248 Tang, Rice, and GoldowitzFIG. 4. Cell death in the developing eye. TUNEL-stained retinas from 1/1 (A, C, E) are compared to those from Bst/1 (B, D, F) embryos
rom E11.5 through E13.5. (A and B) Wildtype and Bst/1 E11.5 retinas. Arrows mark TUNEL-stained dying cells in the retina. Asterisks
ark dying cells outside the retina. In the E11.5 1/1 embryo (A), TUNEL-stained cells are found in both ventral and dorsal aspects of the
etina near the optic fissure, as well as at positions which will give rise to extraocular muscle attachment sites. The position and quantity
f TUNEL-positive cells in the E11.5 Bst/1 retina (B) are comparable to those of the 1/1. (C and D) E12.5 1/1 and Bst/1 retinas. Extensive
TUNEL-positive cells are seen at the optic fissure in both the 1/1 (C) and the Bst/1 (D) in comparable numbers. (E and F) The number of
abeled cells begins to decline thereafter, until there are very few identifiable dying cells left in both the 1/1 and the Bst/1 at E13.5. Note
he extensive folding of the neural retina (arrowheads) at the optic fissure in the Bst/1 (F). Scale bar represents 100 mm.Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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249Bst Retinal Developmentcells in the retina at E12.5, the actual percentages of cells
born (birth index) in 1/1 and Bst/1 retinas are quite similar
(4 and 3%, respectively; Fig. 5G).
Retinal development is asymmetrically disturbed in the
Bst/1 mutant. Given the prevalence of asymmetry in
optic nerve hypoplasia among Bst/1 adults (Rice et al.,
1997), we were curious to see if there were any correlates of
this phenotype in developing embryos. Bilateral differences
are visible but not extreme, such that if a Bst/1 embryo
exhibits anomalies in one eye, the other eye is invariably
affected as well. Asymmetry is measurable early on. At
E10.5, there are clear size disparities between the eyes in
about 25% of Bst/1 embryos, which approximates the ratio
of individuals among Bst/1 adults exhibiting asymmetric
eye defects (Table 1). Unlike the polydactyly phenotype
mentioned earlier, in which asymmetry is the norm rather
than the exception in the Bst/1 and side preference is very
redictable, both eyes in the Bst/1 mouse seem equally
susceptible to developmental defects.
DISCUSSION
One of the hallmarks of the Bst mutant retina is a failure
in fissure fusion (Rice et al., 1997). In this study we sought
to determine if this developmental abnormality was the
primary target of the mutation or if it was consequent to an
earlier defect. In order to examine this issue, we studied
embryonic Bst/1 retinas with special attention to develop-
ental events that are thought to impact fissure fusion,
uch as cellular proliferation, differentiation, and death.
erturbation of these events has been linked to other
urine mutations affecting the fusion of the embryonic
ssure, namely microphthalmia (mi; Hero et al., 1991),
cular retardation (or; Theiler et al., 1976), and the mouse
knockout of hairy and enhancer of split homolog-1 (Hes1;
Tomita et al., 1996). Our results indicate that while the Bst
mutation generates fissure fusion anomalies reminiscent of
those seen in mi, and delayed retinal growth similar to what
has been described in or, the etiology of the Bst defects
clearly follows a path distinct from those of the other
mutations. In Bst/1, there is no abnormal proliferation or
pyknosis of retinoblasts as in or nor excessive growth of the
pigmented retina as in mi. However, the manner in which
fissure fusion defects occur in the Bst/1 embryos bears
close resemblance to that of hemizygous Hes1-null mice, in
which the developing mutant eye tends to be marginally
smaller than that of the wild type and in which fissure
fusion occurs later than normal (Tomita et al., 1996). In the
Hes1-null mouse, it has been shown that premature cellular
differentiation is likely responsible for the retinal abnor-
malities. In this study we find that a delay in cellular
differentiation could play a crucial role in causing similar
retinal defects in the Bst/1.Copyright © 1999 by Academic Press. All rightBst Plays a Role during Early Retinal
Development, Independent of Cell Proliferation
and Cell Death
The fact that Bst/1 eyes are smaller than those of normal
littermates at E10.5 (and likely by as early as E9.5) indicates
that the mutant gene has a very early effect upon retinal
development. In this context, the lack of proliferative
differences between Bst/1 and 1/1 retinas is significant. It
is in contrast with two other mutations that affect fissure
fusion: ocular retardation (attributed to a defect in the
Chx10 gene) and microphthalmia (caused by a mutation in
the Mitf gene). In or mutants, the cell cycle is lengthened in
population of cells in the distal retina, which may account
or delayed retinal growth and ultimately produce struc-
ural anomalies (Konyukhov and Sazhina, 1975; Robb et al.,
1978; Liu et al., 1994; Burmeister et al., 1996). In mi
mutants, there is an abnormal proliferation of pigmented
retinal cells at the optic fissure that may prevent fissure
fusion and contribute to the eventual collapse of the vitreal
cavity (Hero, 1990). Neither of these symptoms are found in
Bst/1 retinas. Alternatively, the processes of premature or
excessive cell death have been linked to retinal hypoplasia,
in a manner typified by the untimely and ectopic cell death
described in or mutants (Theiler et al., 1976; Robb et al.,
978). There is no indication, however, that apoptosis is
isturbed in Bst/1 during arguably the most functionally
ritical time of retinal formation—the period immediately
receding the exit of retinal ganglion cell axons into the
ptic stalk (Silver and Hughes, 1973). Our data point to the
onclusion that Bst has an effect on the number of neuro-
lasts available for growth in the optic vesicle, which would
ndirectly affect optic fissure fusion. However, this effect is
nlikely to be achieved through the control of the rate of
ell proliferation or cell death.
Bst May Regulate Cell Differentiation
Among our observations, a very telling clue for Bst gene
action lies in the apparent delay in cellular differentiation
in the Bst/1 neural retina. We found that in Bst/1 mice,
retinal cells are born noticeably later than in 1/1 litter-
ates, sometimes by as much as 48 h, suggesting that
st/1 retinoblasts are likely to remain mitotically active
everal cell divisions beyond their wildtype counterparts.
hile this observation may appear to conflict with the
bsence of differences in the proliferative index between
roups, it is evident that the proportion of cells exiting the
ell cycle is not greatly different between groups at E12.5
Fig. 5G). In essence, comparing the retinas of 1/1 and
st/1 littermates is akin to comparing 1/1 retinas from
different embryonic ages; the number of cells exiting the
cell cycle would be clearly different between groups based
upon well-characterized spurts of retinogenesis, while their
proliferative indices undergo relatively little change be-
tween E11.5 and E13.5 (see Fig. 1D). A similar situation
exists in the or mutant, in which cellular differentiation
and retinal growth are known to be delayed throughout thes of reproduction in any form reserved.
250 Tang, Rice, and Goldowitzeye, yet the measured proliferative index is largely normal
but for a limited region of the peripheral retina (Konyukhov
and Sazhina, 1975; Burmeister et al., 1996; Mark Hankin,
personal communication).
It is of interest to compare the above results with the
hemizygous Hes1-null mouse phenotype (Ishibashi et al.,
1994; Tomita et al., 1996). Hes1 is believed to be an
inhibitory regulator of neurogenesis and may play a key role
in the Notch signaling pathway (Artavanis-Tsakonas et al.,
1995; Austin et al., 1995). Inactivation of Hes1 leads to
premature cellular differentiation, while overexpression of
Hes1 maintains neuroblasts in the mitotic state. Hes1-null
mice exhibit numerous retinal and skeletal phenotypes
quite similar to those of the Bst/1, including fissure fusion
defects. These similarities suggest that Bst likely plays a
role in the same morphogenetic pathway as does Hes1.
Given that the mutant allele of Bst appears to inhibit rather
than promote cellular differentiation, Bst and Hes1 could
conceivably act as antagonist regulators of early neuronal
differentiation in the retina. Regulatory interactions of this
nature may be an efficient means to control developmental
events characterized by critical temporal or spatial coordi-
nates. Examples of these can be found in mechanisms
underlying morphogenetic processes as local as cell adhe-
sion and motility and as global as body axis determination,
suggesting that they are evolutionarily relevant and more
ubiquitous than currently documented or hypothesized
(Alevizopoulos and Mermod, 1996; Kerszberg, 1996). If Bst
indeed acts in conjunction with Hes1 to regulate cellular
differentiation, it would likely be a member of the proneu-
ral gene family, which as a group potentiates neuronal
precursors toward their eventual fate. Proneural genes work
in coordination with boundary genes, such as members of
the Pax family, which are thought to specify cell types at
defined positions (for reviews, see Chalepakis et al., 1993;
MacDonald and Wilson, 1996; Bang and Goulding, 1996).
Proper neuronal differentiation is dependent upon well-
FIG. 5. Delayed neuronogenesis in the Bst/1. BrdU-immunolabe
mice, following BrdU injection at E10.5 (A, B), E11.5 (C, D), and E
1/1 and Bst/1 retinas and the number of cells born (G). Arrows ma
retinal ganglion cells). Black arrowheads mark BrdU-labeled cells i
labeled photoreceptors. (A) In E10.5-dosed P0 1/1 retina, the re
ganglion cells are born at E10.5. Labeled cells in the future inner n
as amacrine and horizontal cells, are also being born at that age. (B)
in its retina; thus a considerably smaller number of cells, if any, h
age. (C and D) A range of BrdU-labeling patterns is seen in E11.5-do
at different embryonic ages. None of the E11.5-dosed Bst/1 retinas
(see A). Gray arrowhead points to axons coursing through the optic
some of the ganglion cell axons from finding the correct path in th
layer, inner nuclear layer, and photoreceptor layer are heavily BrdU
is barely comparable to that of the 1/1 retina dosed on E10.5 (see
the number born in the Bst/1 (4500 vs 2000), the actual cell birth
cells in the embryonic retina is taken into account. This partially
The number of animals examined is indicated above error bars. Var
differences in the angle of section. Scale bar represents 100 mm.Copyright © 1999 by Academic Press. All righttimed interactions between both proneural and boundary
genes. We have seen evidence of ectopic Pax2 expression in
the Bst embryonic retina, which suggests a loss of boundary
cues, possibly as a consequence of delayed cellular differen-
tiation (Tang et al., 1997). Moreover, by mating Bst/1 mice
to heterozygous Pax2 mutants (Kidney and retinal defects,
or Krd), in which fissure fusion anomalies have also been
detected in normal-sized eyes (Keller et al., 1994; Sanya-
nusin et al., 1995; Otteson et al., 1998), we have observed a
marked potentiation of the retinal phenotype compared to
either of the parental mutant phenotypes (Tang et al., 1997),
further suggesting that Bst regulates a developmental path-
way distinct from, but which also interacts with, the Pax2
regulatory pathway. Another possible molecular pathway
in which Bst may play a role is that of retinoic acid (RA).
Mutations of some RA receptors have been shown to
produce severe retinal dysplasia along with pleiotropic
effects in the respiratory, circulatory, digestive, and im-
mune systems (Grondona et al., 1996). Some aspects of
developmental defects found in RA receptor mutants are
similar to those we see in Bst/1 embryos and adults,
namely the diversity of affected tissues, variation in the
expressivity of the mutant phenotype (Mendelsohn et al.,
1994), and a form of polydactyly that shows limb preference
(for review, see Morris-Kay and Sokolova, 1996). Taken
together, these results are consistent with the hypothesis
that Bst acts in conjunction with other key regulatory
genes, such as Hes1 and Pax2 (potentially through an
RA-dependent molecular pathway), to control cellular dif-
ferentiation in the developing embryo.
The Bst Mutation Likely Disrupts Timing and
Coordination of Developmental Events during
Retinal Morphogenesis
It is important to consider that Bst/1 embryos are
smaller than their 1/1 littermates by as early as E9.5–
etinas from postnatal day 0 (P0) 1/1 (A, E) and Bst/1 (B, C, D, F)
(E, F). Histogram of the total number of cells present in the E12.5
dU-positive cells in the vitreal aspect of the retina (predominantly
future inner nuclear layer of the retina. White arrowheads mark
ganglion cell layer is distinctly labeled, confirming that retinal
r layer and photoreceptor layer indicate that other cell types, such
ntrast, P0 Bst/1 dosed on E10.5 shows very few BrdU-positive cells
xited the mitotic cycle in the Bst/1 compared to the 1/1 at this
0 Bst/1 retinas. The same variation is seen in Bst/1 retinas dosed
omparable to E10.5-dosed 1/1 retinas in the level of BrdU labeling
head, indicating that the delayed cell birth did not prevent at least
imal. (E) In P0 1/1 mice dosed on E12.5, the retinal ganglion cell
tive. (F) In this E12.5-dosed P0 Bst/1 retina, the extent of labeling
G) While the number of cells born in the 1/1 is more than twice
is 5% in the 1/1 and 4% in the Bst/1 once the total number of
ains the lack of differences in the proliferative indices (see Fig. 1).
ns in the thickness of retinal cross sections shown here are due toled r
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252 Tang, Rice, and GoldowitzE10.5, before any significant neuronogenesis has taken
place in the retina. At that time, and throughout the rest of
embryonic growth, the ocular and whole-embryo size defi-
cit is maintained but not exacerbated in Bst/1, indicating
that the underlying growth program is unaffected by the
early perturbations which are responsible for the initial
developmental deficit. It is possible that the Bst mutation
auses a general delay in growth prior to retinal morpho-
enesis; the defects observed in the neural retina may be a
yproduct of this earlier, more global event. Interestingly,
wo defects seen in the Bst/1 mutant mouse—exencephaly
FIG. 6. Hypothetical relationship between cellular differentiation
howing the temporal windows (open blocks) over the course of de
ormation occur and their combined effect on the fissure fusion qu
he expression of fissure fusion cues and the ready state of the respo
ellular differentiation and the state of fissure formation, such that
uotient value and the increased likelihood of normal fissure fusio
ase in the 1/1 and the nonsymptomatic Bst/1, fissure fusion
ifference between the two beyond a certain threshold may reduce
efects in the neural retina. Severe asynchrony could produce a tho
y development of the Hes1-null and Bst/1 retinas. In the Hes1-n
imits the number of retinoblasts available for growth; conseque
indow alignment results in a lowering of the fissure fusion quo
elayed, shifting the alignment of the temporal windows in the opp
ifferentiation also reduces the fusion quotient (note that in the Bst
f the early growth deficit). The range within which different degre
source of phenotypic variations in the affected retinas. At the ext
f organogenesis, the embryo becomes no longer viable. Perhaps as
s well short of the expected 50%.Copyright © 1999 by Academic Press. All rightnd polydactylism—are also characteristic of other muta-
ions in which retinal development is disturbed, such as
es1-null (Tomita et al., 1996) and fidget mutant mice (fi;
ru¨neberg, 1943). This indicates that Bst may be one of a
umber of molecules shared by regulatory pathways guid-
ng the development of these organs. Without question, the
iminished stature of Bst/1 mice and their multiple organ
defects indicate that the role of Bst is wide-ranging. How-
ever, our observations suggest that within the affected or-
gans, not every tissue or cell type is equally sensitive to the
Bst mutation, given that most of these organs only exhibit
bryonic fissure formation, and fissure fusion. Schematic diagram
ment within which cellular differentiation and embryonic fissure
t (shaded blocks). This quotient delineates the synchrony between
g elements. It is a function of the temporal overlap between retinal
greater the overlap between the temporal windows, the greater the
nce, if the two temporal windows are fully synchronized, as is the
s without delay and a normal retina is formed. A slight timing
sion quotient somewhat and delay fissure fusion, producing small
ly dysmorphic retina. This may occur in two ways, as exemplified
tina, cellular differentiation appears to occur prematurely, which
optic fissure formation occurs late. Such a shift in the temporal
—fusion is delayed. In the Bst/1, cellular differentiation appears
direction. However, the end result is the same, as delayed cellular
e formation of the optic fissure is generally delayed also as a result
misalignment could exist between the temporal windows may be
, the misalignment may be such that after reaching a certain stage
lt of this, the proportion of Bst/1 neonates in 1/1 3 Bst/1 litters, em
velop
otien
ndin
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253Bst Retinal Developmentpartial defects and frequently no defect at all. It is particu-
larly noteworthy that the pigmented retina, which derives
from the same neural epithelium as the neural retina, ap-
pears unaffected by the Bst mutation (the development of
the pigmented retina is likely guided by its own genetic
determinants, as evidenced by mutations in which the pig-
mented retina is selectively affected; see Hero, 1989; Sid-
man et al., 1996). Moreover, it is possible that within the
affected tissues, only a subclass of cells is critically sensi-
tive to the expression of Bst, and perhaps such sensitivity is
limited to a certain temporal window dictated by the inter-
actions between regulatory molecules. Like the Pax genes
(McDonald and Wilson, 1996), Bst may be expressed at
different times during development, and not necessarily
within the same tissues, to regulate different aspects of
organogenesis. The conspicuous sensitivity of the neural
retina to the Bst mutation could be attributed to the fact
that, perhaps more so than with other structures, morpho-
genesis of a functional retina is dependent upon tightly
orchestrated cellular interactions within narrow temporal
windows that define the guidance and exit of retinal gan-
glion cell axons from the retina.
The hypothesis above also allows us to address the
variability witnessed in the Bst/1 phenotype. Embryonic
development progresses at different rates in Bst/1 and 1/1
ice. In the eye, the extent of fissure fusion is a source of
onsiderable variation among Bst/1 embryos after E11.5,
anging from normal to much delayed (Fig. 2). To a lesser
egree, the variability is also present within Bst/1 individu-
ls in the form of asymmetric eye development in the
mbryo and differential retinal hypoplasia in the adult. The
xtent and proportion of asymmetry in the embryonic
utants are similar to those observed in the adult popula-
ion (Table 1). The range of defects affecting fissure fusion
ay reflect subtle differences in the timing of the engen-
ering developmental events and the interactive product of
hese events. We propose the following scenario in which
ariations may occur in the Bst/1 as a result of such timing
ifferences.
The normal Bst product acts in concert with other
enes to promote cellular differentiation and does so
ithin a defined temporal window (Fig. 6). In the Bst/1
etina, only half of the Bst gene product is normal,
necessitating more time for sufficient Bst-based differen-
tiation cues to build up (presumably to overcome inhibi-
tory factors such as Hes1) to trigger the exit of retino-
lasts from the mitotic cycle. In the meantime, the
ffected retina develops at a normal proliferative rate,
hich allows it to shadow the 1/1 retina in its overall
ize. Concurrently, cells unaffected by the mutation,
uch as those of the pigmented retina, progress through
ifferentiation normally, while providing and/or respond-
ng to their own complement of morphogenetic cues in a
imely fashion. Upon formation of the optic fissure, de-
elopment of the 1/1 retina, as a function of cellular
ifferentiation and proliferation, has progressed to a state
t which the apparati responsible for either the produc-Copyright © 1999 by Academic Press. All rightion of, or the response to, fissure fusion signal molecules
re fully in place; consequently fusion occurs without
elay, whereas in the Bst/1 retina, depending on the
xtent of the developmental delay, the same fusion cues
r response elements may be only partially in place or not
et expressed. As a result, fusion does not occur in a
imely fashion, and the affected retina may expand be-
ond normal boundaries, causing retinal folds and asso-
iated structural anomalies. The severity of these defects
ay be proportional to the duration of the abnormal
rowth period, which begins with the initial contact be-
ween opposing fissure margins and ends with the belated
xpression of, or response to, fusion cues. The longer the
uration of abnormal growth, the more opportunity there
s for excess proliferation to occur, culminating in greater
tructural defects. It is significant that similar variations
n optic fissure fusion defects are seen in Hes1-null mice
Tomita et al., 1996). The disruption of Hes1 expression
esults in premature depletion of retinoblasts and im-
eded retinal growth; optic fissure formation and fusion
re thus delayed. We postulate that the extent of fissure
usion defects in the Hes1 knockout is partially depen-
ent on the length of the delay, just as is the case in the
st/1. In effect, if Bst and Hes1 are functional antago-
ists in a regulatory pathway that defines a controlled
quilibrium, should either one fail, the consequence is
ubstantially the same—the loss of equilibrium. Any sub-
equent developmental event which is dependent upon
uch an equilibrium could be disrupted in a predictable
anner irrespective of the source of the initial perturba-
ion.
SUMMARY
The delayed but otherwise normal retinal development in
Bst/1, along with pleiotropic defects in other tissues and
organs, suggests that Bst is an early expressed gene whose
unction is essential to the development of multiple organs.
he abnormal fusion of the optic fissure may be responsible
or the retinal ganglion cell hypoplasia characteristic of the
dult Bst/1, but the fusion anomalies are likely a secondary
ffect of the mutant Bst gene action. The principal role of
he normal Bst gene may be to regulate cellular differentia-
ion during organogenesis in conjunction with other pro-
eural and boundary genes.
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